, Ni
I , Ni II , and/or Ni III oxidation states. In contrast, Ni IV intermediates are rarely accessible. We report herein the design, synthesis, and characterization of a series of organometallic Ni IV complexes, accessed by the reaction of Ni II precursors with the widely used oxidant S-(trifluoromethyl)dibenzothiophenium triflate. These Ni IV complexes undergo highly selective carbon(sp 3 )-oxygen, carbon(sp 3 )-nitrogen, and carbon(sp 3 )-sulfur coupling reactions with exogenous nucleophiles. The observed reactivity has the potential for direct applications in the development of nickel-catalyzed carbon-heteroatom coupling reactions.
T ransition metal-catalyzed cross-coupling reactions are widely used synthetic methods for the construction of carbon-carbon and carbon-heteroatom bonds, the importance of which was recognized with the Nobel Prize in chemistry in 2010. While the vast majority of these transformations use palladiumbased catalysts, over the past decade there has been a resurgence in the development of nickelcatalyzed cross-coupling reactions (1, 2) . Nickel catalysts offer the advantage of being more sustainable and economical than their palladium analogs (1) . In addition, the intrinsic properties of nickel can enable transformations that are challenging with palladium catalysts. For example, nickel catalysts can promote cross-coupling reactions that use tertiary alkyl halides (3) or phenol derivatives (4) (2, 5) . In marked contrast, the accessibility of Ni IV in catalysis has not been definitively established. A few reports have proposed the intermediacy of Ni IV (1, 2, 6, 7) [for example, in Ni-catalyzed C-H bond functionalization (7)]. However, the transient nature of these putative intermediates has hindered definitive characterization and confirmation of their role. Overall, examples of well-characterized Ni IV complexes are exceedingly rare (8) (9) (10) (11) (12) , and the reactivity of these species in carbon-carbon and carbon-heteroatom bond-forming reactions has not been thoroughly investigated (8) (9) (10) .
Our interest in the design and synthesis of organometallic Ni IV complexes stems from the hypothesis that such complexes could possess distinct reactivity from the more common oxidation states of Ni. This hypothesis is predicated on analogous chemistry of Pd IV . Until recently, Pd IV was also considered an unusual oxidation state that was rarely relevant in catalysis. However, over the past two decades, fundamental organometallic studies have revealed that Pd IV complexes can be accessed with many common oxidants (e.g., alkyl halides, hypervalent iodine reagents, electrophilic halogenating reagents) (13) (14) (15) . Furthermore, these Pd IV complexes often display complementary reactivity and selectivity relative to their Pd II , Pd I , and Pd 0 analogs (13) (14) (15) . In particular, the reactivity of Pd IV in mediating couplings between carbon and heteroatoms (O, N, S) has led to the development of numerous Pd II/IV -catalyzed C-H oxidation and alkene difunctionalization reactions (16, 17) .
Inspired by this emergence of high-valent palladium chemistry, we sought to unveil similar organometallic chemistry of Ni IV . We report herein that isolable Ni IV complexes can be prepared by the oxidation of Ni II precursors with S-(trifluoromethyl)dibenzothiophenium triflate (TDTT). Furthermore, we demonstrate that these Ni IV complexes participate in highly selective C(sp We initially hypothesized that a Ni IV complex could be accessed via the 2e -oxidation of the Ni Fig. 2A) as determined by NMR spectroscopy. Notably, this complex was stable in CH 3 CN solution at room temperature for at least 3 days. Complex 6 was isolated in 92% yield by recrystallization from benzene, and x-ray-quality crystals were obtained via slow evaporation of a concentrated acetone solution (Fig. 2B) . The solidstate structure of this Ni IV complex displays the expected octahedral geometry, with tridentate facial coordination of the Py 3 CH ligand. This is only the second example of an organometallic Ni IV complex with an octahedral geometry (8, 9).
Moreover, TDTT is frequently used as an oxidant in transition-metal catalysis (26, 27) ; as such, the isolation and characterization of 6 suggest the potential feasibility of Ni II/IV catalysis manifolds with this reagent.
We next investigated the reactivity of this isolated Ni IV complex toward both carbon-carbon and carbon-heteroatom bond formation. Upon heating at 95°C for 7 hours, complex 6 underwent C(sp ) bond-forming reductive elimination to produce benzocyclobutane 3 in quantitative yield (Fig. 2C, a) . Furthermore, the treatment of 6 with exogenous acetate (1.2 equiv. of NMe 4 OAc) in CH 3 CN at room temperature resulted in selective C(sp 3 )-O coupling to afford Ni II product 7 in >98% yield, as determined by 19 F NMR spectroscopy. Complex 7 was isolated in 78% yield (Fig. 2C, b) .
Whereas 6 reacted cleanly with NMe 4 OAc, other exogenous nucleophiles (NMe 4 X; X is OPh, SPh) afforded complicated mixtures of products. We hypothesized that this might be due, at least in part, to the overall +1 charge on 6, which would render the complex highly electrophilic and thus susceptible to side reactions with nucleophiles (25, 28) . As a result, we prepared a closely analogous neutral Ni IV complex (8) in which the Py 3 CH ligand was replaced with a trispyrazolylborate (Tp) ligand (Fig. 3A) (29) . Notably, TpNi IV complex 8 was found to react with a diverse set of exogenous nucleophiles [NMe 4 X; X is OAc, OPh, SPh, and N(Me)(Ms), where Ms is MeSO 2 -] to yield the products of C(sp (Fig. 3B, products 9a to 9d) . The C(sp 3 )-heteroatom coupling reactions to form 9a to 9d were extremely selective and high-yielding (>98% conversion as determined by 1 H and 19 F NMR spectroscopy; 78 to 94% isolated yields). Products derived from competing C(sp Whereas Ni II complexes 9a to 9d were stable toward isolation, the treatment of Ni IV complex 8 with 1 equiv. of NBu 4 N 3 led to intermediate 9e, which was observed in situ but was unstable in CH 3 CN solution (Fig. 3C) . Azide intermediate 9e slowly converted to 3,3′-dimethylindoline (11; quantitative conversion) over 15 hours at room temperature. This transformation likely proceeds via the pathway shown in Fig. 3C . Here, the pendant alkyl azide that results from C-N coupling inserts into the C(sp (19) . Protonation of the Ni-N bond by adventitious water then releases the indoline product 11.
Finally, we sought to gain preliminary insights into the mechanism of these C(sp 3 )-heteroatom coupling reactions. Related transformations at octahedral Pd IV and Pt IV centers are believed to proceed via S N 2-type attack on the metal-C bond by the nucleophile (21, 22, (30) (31) (32) . In the current system, an S N 2 mechanism would be expected to show a first-order kinetic dependence on both [Ni] and NMe 4 X. Indeed, rate studies of the reaction between 8 and NMe 4 OAc showed that this transformation is first-order in [Ni] and first-order in NMe 4 OAc, consistent with an S N 2 pathway ( fig. S7 ). Another common feature of S N 2 reactions is that the reaction rates show a correlation (6) . (B) Oak Ridge Thermal Ellipsoid Plot (ORTEP) of cationic complex 6. Thermal ellipsoids are drawn at 50% probability. Hydrogen atoms are omitted for clarity. Selected bond lengths (Å): Ni-N1 2.057(2), Ni-N2 2.073(2), Ni-N3 2.018(2), Ni-C1 1.956(2), Ni-C18 1.953(2), Ni-C25 2.006(2). Selected bond angles (°): N1-Ni-N2 88.04(7), N1-Ni-N3 88.09(7), N1-Ni-C18 174.75(8), C18-Ni-C25 82.27(9), C1-Ni-C25 89.00(9), C1-Ni-C18 92.63 (9) . (C) Reactivity of complex 6: (a) C(sp with the Swain-Scott nucleophilicity parameters (38) . These nucleophilicity parameters (n X , where X is a series of different nucleophiles) are derived from a prototypical S N 2 reaction (that of a nucleophile with CH 3 I) (39) . The initial rate (r 0 ) of C-heteroatom coupling at 8 with AcO 
